This study aims to present a numerical investigation of respiration influence on the particle concentration in a surgery room. Controlling the temperature and contamination in the surgery room is essential for safe and risk-free surgical procedures. Generally, in many hospital cleanrooms, utilized for operations such as open-heart surgery, organ transplantation, and neurosurgery, the reduction of pollutant particles is vital as a factor that can lead to capillary clogging during an operation. Also, reducing the concentration of large particles is very important, because dust particles may contain various pathogenic bacteria and viruses. Therefore, particle distribution and temperature control were numerically investigated in this study. At first, the particle concentration at specific zones was investigated to obtain the stability of the respiratory cycle. Then, the concentration and aggregation of particles around the patient's head were measured on different pages along the coordinate axes while patient's breathing was quite stable. Furthermore, the effect of the air conditioning system of the room on temperature distribution control by was studied in a specific area. The simulation results showed a considerable decrease in the particle concentration, but the particles were not eliminated from the room completely. Moreover, the higher temperature of the area around the patient's head caused by his breathing had little effect on room temperature, and the inlet air controlled the room temperature properly.
Introduction
A cleanroom is usually considered as an environment with minimum amount of environmental pollutants with respect to the regular level of a closed environment, which is necessary to produce products or carry out scientific and industrial researches. Dating back to more than one hundred years ago, designing and manufacturing of cleanroom originated from the efforts to control the spread of the viruses and diseases in hospitals. However, in the advanced present-day societies, the necessity for clean spaces to manufacture industrial equipment seems indispensable. Nowadays, cleanrooms have numerous applications in modern industries [1] [2] [3] [4] [5] [6] [7] .
According to ISO standard 14644-1, a cleanroom is a space where the concentration of the particles is controlled, constructed and operated in a way that the admittance, generation, and settlement of the particles in the environment are minimized [8] . Many numerical studies focus on determining the effective parameters such as the particle distribution in a cleanroom, since considering these parameters is crucial in the design and fabrication process. For accurate assessment of the condition of the flow circulation, it is essential to determine the particle concentration distribution [9, 10] .
In short, the knowledge of air distribution, which includes air velocity, temperature, and pollution, can lead to an optimal design of the heating, ventilation, and air conditioning (HVAC) system to create an acceptable level of comfort and a suitable quality of indoor processes. This knowledge is acquired through experimental investigation and numerical modeling. These two are the main available methods for obtaining quantitative information about local velocity distribution around the occupants [11, 12] . The most reliable method for determining the air distribution is the experimental method. In most cases, the experimental investigation requires a full-scale test room with controlled environmental conditions. The cost of the equipment is also exceedingly high, and measurements are only possible at specific points. A wide range of studies in this field are experimental.
The numerical modeling methods can solve the physical governing equations and they are cheaper and faster than the experimental methods. However, the physical processes in numerical modeling are complex. Therefore, appropriate approximations are often applied. Hence, the accuracy of numerical calculations must be validated against verified experimental data [13] [14] [15] . In recent years, computational fluid dynamics (CFD), which numerically solve the mass, momentum, energy, and concentration equations, has found numerous applications for solving the indoor air distribution. The experimental and numerical studies in such spaces have widely attracted the attention of the researchers. In order to establish the principles of cleanroom design, a meticulous investigation on the airflow pattern in such spaces is one of the most important factors; and to obtain such criterion, it seems crucial to study the flow pattern and particle concentration distribution in that space. Extensive studies have been conducted on the modeling of airflow in interior space, both numerically and experimentally.
Rui et al. [16] carried out a series of experiments on cleanrooms with ISO 5 and ISO 6 cleanliness levels. The governing equations were solved with the Eulerian-Lagrangian approach, using the standard k-ε turbulence model to represent the particle deposition in the surgery room. The numerical results had an acceptable agreement with the experiments suggesting that the particle deposition increases up to a critical point as the velocity increases. Phuong and Ito [17] investigated the flow behavior and particle deposition, both numerically and experimentally using particle image velocimetry in a ventilation duct. At low Reynolds numbers, the k-ε turbulence model was chosen due to its suitable accuracy. The movement of the particles due to the temperature difference between the cold and hot walls was investigated. Small particles followed the streamline, but larger ones deposited and exit from the inlet.
The impact of the source displacement on the distribution of the suspended particles was determined by Saidi et al. [18] . The results indicated that the specifications of the concentration distribution such as the final efficiency and the propagation radius increased. When the movement path of the pollutant source coincided with the movement path of the air conditioner streamlines, the final efficiency represented the minimum amount of dependency on the movement path of the pollutant source. Méndez et al. [19] and Zhong et al. [20] determined the effect of the inlet and outlet gates location on the airflow pattern in clean spaces. The results indicated that the location of the inlet gates had a significant influence on the distribution of the flow specifications such as the velocity, temperature, and concentration of the pollutants while the position of the outlet gate had a negligible effect. According to research works carried out by Hagström et al. [21] and Lee and Awbi [22] , the location of the obstacles and equipment drastically affected the flow pattern in the environment. However, the results of these studies were very general with respect to the diversity of the cleanrooms applications.
Subsequently, the effect of different parameters including the geometry of the inlet gates and the effect of the particle generation from the floor, which is also known as the effect of the particle suspension, were observed in various studies. However, these results were beyond the scope of this study. Airflow in cleanrooms was usually described as being a low velocity, turbulent, and unsteady movement of air with a buoyancy effect [23] . This was also the case for the so-called layered cleanrooms.
It is very important to interpret the characteristics of the turbulent flow in order to represent the internal turbulent flow. Irregularity, permeability, threedimensionality, and dissipation are among the most notable properties of turbulence. These features hinder the thorough comprehension of turbulence. Anyhow, the practical engineering such as the design of the air conditioning systems requires accurate prediction of the turbulent flow. Following the discussed works, in the present study, the numerical simulations of the patient's breathing in the cleanroom, the distribution of the particle concentrations, and the temperature distribution caused by the patient's breathing in a steady state were studied.
Computational Method
Due to the computational limitations of the direct numerical simulation (DNS) method in turbulent flows, the large eddy simulation (LES) method [24] or the Reynolds averaged Navier-Stokes (RANS) could also be employed [25] . DNS or LES required more memory and had higher costs. Due to the large dimensions of clean rooms and the high number of computational cells, LES is limited to a few studies and is rarely used. The comparison of the results of Tian et al. [26] and Posner et al. [27] showed that the results of LES method had the highest consistency with the experimental results. However, the results of RANS were also acceptable. the Eulerian-Lagrangian method was employed to simulate the concentration, respecting the influence of the particle settlement at specific locations such as the patient's body in the environmental isolated room [28] . Given the size and density (number of particles per volume) of the particles, the virtual mass, pressure, Saffman forces, and Brownian forces were neglected in this method. Due to the fact that the walls are one of the main sources of vorticity in a flow, the wall effect should also be taken into consideration which resulted in more calculations during the k-ε model simulation [29] . Because it significantly affected the turbulence level in the vicinity of the wall. Regarding the accuracy and capability of the RNG k-ε turbulence model, it was used for turbulence modeling. The solution convergence in every step was achieved when the solution residuals decreased to less than 10 −3 and10 −4 , for continuity and flow equations, respectively. Because of the existence of a filter box or plenum box at the air inlet of the cleanroom and the vast dimensions of the inlet gate, the velocity of the air entering the room was uniform. Constant velocity boundary condition with a rate of 0.9 meters per second was considered at the inlet. The noslip condition was held on the walls and the standard wall function was used to apply the effects of the wall on the flow turbulence. All walls were assumed to be thermally isolated. At the flow exit, the outlet boundary condition was considered at the outlet gates, implying zero gradients for the flow variables. This was a reasonable assumption for the continuity of the channel following the return gate and the existence of the return plenum. The values of density, viscosity, and thermal diffusivity of air were assumed to be constant, which were 1.225 kg/m 3 , 1.7894e-05 kg/m.s, and 1.9e-05 m 2 /s, respectively. Boussinesq approximation was also used for density, because Buoyancy force was considered in current study.
Airflow field was solved by RANS equations as follows:
In which S i is the buoyancy term in the momentum equation which is equal to -ρβg(T-T 0 ) [30] . Also, T 0 is the inlet air temperature. T 0 was considered as the reference temperature.
Conservation of energy:
Reynolds stress:
For indoor turbulence modelling, two-equation k-ε model has proven to be practical for the prediction of the turbulent flow field [31, 32] . Between various k-ε models, RNG k-ε model can be applied for displacement airflow. RNG k-ε performs better than the standard k-ε model for predicting air velocity in indoor environments [29] . In a surgery room, however, standard k-model can be applied for the prediction of the airflow because of its relatively small turbulence level [29] . The well-known RANS equations and standard k-ε model can be applied for the calculation of the airflow field in a surgery room, the results of which will be employed to evaluate airflow pattern and to calculate particulate transport.
1. Particle phase modelling
One of the most important issues of internal flows, especially in the surgery rooms, is deposition and diffusion of particles, particularly around the critical points of the room such as the bed, the patient's body and the nurse's respiratory area and modelling the particles in such spaces is inevitable. The study of multiphase flows has two different subdivisions. Generally, the concentration simulations are performed using Eulerian-Eulerian and Eulerian-Lagrangian approaches [28] . In both approaches the flow field is solved by Eulerian method but in Eulerian-Eulerian method the particle concentration is considered as a scalar quantity and a concentration transfer equation is solved for it. This method is incapable of predicting processes such as the deposition and diffusion of individual particles. In fact, Eulerian approach considers the problem volumetrically and does not provide any information about individual particles. In Eulerian-Lagrangian method the fluid field is solved using the Eulerian method, and the behaviour of solid particles is studied using Lagrangian method. In Lagrangian method [33] , processes such as particle settlement and diffusion are thoroughly investigated. In fact, by solving the equilibrium equation of force, this method separately follows each particle and determines their trajectory.
The particle transport was calculated using the discrete phase model (DPM), based on the Euler-Lagrange technique, which firstly calculated the continuous-phase (air) to create an initial continuous phase situation. Following the attainment of the airflow field, the discrete-phase (particles) was combined with the flow, so the particle tracks were traced throughout the transitory procedure. Particle transfer was tracked by the Lagrangian particle trajectory-tracking model, and according to the particle force balance equation, its settlement was presented as [34] :
In equation 5, F p is the sum of the most significant additional forces per unit mass affecting the movement of particle, including pressure gradient force, Thermophoretic force, Brownian motion force, Saffman lift force and virtual mass force [35] . The pressure gradient force is only significant when the particle density is lower than the fluid density. The phoretic forces are due to the gradient of scalar quantities such as temperature as well as volumetric forces such as electrostatic forces. The Brownian force has a statistical nature, and when particles are small, the random movement of particles and their collision with fluid molecules is the cause of this force. Saffman force is for the flows with shear force and includes the wall effect. Finally, the virtual mass force that is important for accelerated fluid motion and is negligible when the particle-to-fluid density ratio is high. DPM boundary condition was adjusted as particle escaping via the nose, inlet, and outlet, and trap for the walls and body surfaces.
3. Coupling between phases
When the number of particles injected into the fluid is negligible and the particle size is small, the effect of the particles on the fluid phase is negligible. Therefore, one-way coupling method was employed to model the coupling between phases [28] . In this method the effect of the particles on the flow field was ignored and only the effect of the fluid phase on the particles was considered.
Test Case
The cleanroom of the mechanical engineering department of Sharif University of Technology was constructed with a rectangular cross-section and approximate dimensions of 2.9×3.7 square meters and a height of 2.5 meters. It had six inlet gates in the ceiling with dimensions of 60×60 square centimetres and five outlet gates on the walls with dimensions of 30×45 square centimetres. The inlet arrangement could be altered by selecting the different inlet gates in the ceiling. Respiration was considered as a reciprocating flow (inhale and exhale) and a pause (2.5 second exhale, 2.5 second inhale and 1 second pause)., The respiration rate was 0.25 meters per second. The air exited from the mouth during respiration consisted of N2, O2 and CO2 which their concentrations were 80%, 16% and 4%, respectively. In addition to the gases exited from the patient mouth, some particles came out of the mouth as bacteria. It was assumed that bacterias were continuously released through the exhale at a rate of 0.25 m/s and were spread by particles existing in air with a diameter of 5 microns in the room. The particle density was considered to be 1000 kg/m3 because a significant volume of bacteria was water. In each respiratory cycle, 1000 particles were released into the room from the mouth of each patient within 2.5 seconds of exhale. Therefore, with the patient admitted to the room, total mass flow rate of the particles was 4.71e-14 kg/s. The adhesion and adsorption of bacteria on surfaces were neglected due to complexity. The input air temperature was equal to the room temperature which was 20 °C and patient's exhale temperature was assumed to be 37 °C.
1. Mesh Independency and Numerical Validation
Three types of meshes with 781836, 1109468, and 1674702 cells were generated to examine the mesh independency of the solution. The mesh was unstructured and non-conformal and designed to study the bacteria concentration at a distance of 5 centimetres from the mouth. Because of its mesh-independent resolutions, the mesh with 1,109,468 cells was used for the subsequent solutions. The concentrations of these three conditions for a respiratory cycle are compared in Figure 1 . The numerical results of the normalized concentration distribution with the Lagrangian method were validated with the experimental results of Chen et al. [36] . Details of this validation are not discussed here. Figure 2 shows the geometry of room, and the mesh generation in two vertical and horizontal planes. 
Results and Discussion
At first, the number of cycles required to reach a stable state was elapsed, because the beginning of respiration may be associated with instabilities. The mesh with 1109468 cells was selected according to the mesh independence study and employed in the subsequent simulation. Five six-second respiratory cycles (30 seconds totally), were simulated. Figure 3 shows the periodic mass fraction in breathing cycles. As stated in the diagram shown in this figure, the bacteria concentration became periodic after the first and second cycles, at a distance of 5cm from the mouth. The disparity during the first 3 cycles was due to the stagnation state at the start of the flow in the room which needed time to reach a stable state. It is evident that the existence of a peak in each cycle was related to the maximum amount of output bacteria at the end of the inhale stage. Considering the importance of the concentration distribution adjacent to the sensitive areas of the cleanroom, Figure 5 illustrates the concentration distribution on a horizontal plane (perpendicular to the y-axis) at a 20 cm distance from the patient's head, in addition to the concentration distribution along the vertical plane at the heart of the room. It is clearly seen that at this distance from the head, the level of the particle distribution was at its maximum amount compared to the other horizontal planes of the room. At the end of the exhale stage at 26.5 seconds, which was the start of the next inhale stage, the particle concentration on this plane reached its maximum amount. With the start of the inhale stage up to the end of the respiration cycle, the concentration decreased, although it did not reach the particle concentrations of zero. Figure 6 shows the particle concentration perpendicular to the x-axis. Similar to the previous situations, with the start of the exhale the particle concentration reached its maximum amount, and at the end of the cycle, the particle concentration around the patient's head decreased. The contour in Figure 7 illustrates the temperature distribution along the vertical plane in the middle of the room at specific moments. At the end of the respiratory cycle, the input air at the end of the exhale stage (at 26.5 seconds) when the inhale stage started, the temperature of the immediate area around the patient's head reached its maximum amount. The particles disperse into the room with the warm air that came out of the patient's mouth. It should be noted that small particles (dp<10 micrometer) mainly suspended or deposited in the upper warm zone due to the buoyancy effect. With the start of the inhale, the air which came out of the patient's mouth during exhale began to disperse throughout the room which was due to the airflow entering the room and exiting from it. Therefore, the temperature of the air around the patient's head decreased, reaching a thermal equilibrium near the temperature of the room. The maximum temperature difference at the end of the respiratory cycle was about 2 °C and met the thermal comfort criteria according to the CIBSE guide. At the end of the respiratory cycle, the particle concentrations accumulated around the patient's head was slightly above zero. Given the room arrangements, in order to reduce the particle concentration to the lowest possible amount in sensitive areas, especially around the patient's head, changes should be applied in the important parameters of the cleanroom such as the input air velocity of each of the air gates and the arrangement of the inlet air gates. The arrangement of the gates will be investigated in future studies. 
Conclusion
In many hospitals, surgery rooms are designed for open-heart surgery, organ transplantation, neurosurgery. It is exceptionally critical to disinfect the pollutant particles leading to capillary clogging during ordinary operations. The respiration influence on the particle concentration in a selected surgery room was numerically investigated in this study. The results showed that the bacteria concentration in the specified region would gradually decrease with time relative to the beginning moments the particle concentration around the respiratory area and patient's head, decreased when the inhale phase began in each respiratory cycle. Also, the major particle concentration at the end of the exhale was in these areas. This is a significant observation in the application of isolation rooms with special conditions to reduce the risk of transmitting the micro-organisms of air to other vulnerable patients and hospital staff. Particle concentration at the sensitive areas adjacent to the patient, especially around the patient's head and respiratory tract, was controlled significantly by inlet air from air conditioning system in operating condition, and prevented the accumulation of particles in these areas. Furthermore, the temperature increase around the patient's head was properly controlled, which can help neutralize the adverse effects of concentration distribution, and the particle velocity in the immediate space around the patient's head. The air conditioning system of the room was able to control the temperature rise around sensitive areas, especially the respiratory tract and the patient's head, at the end of the respiratory cycle. In this case, increasing the temperature of the areas where accumulation of particles was more likely could have a negative effect on different parameters, such as the bacteria longevity, concentration distribution and the particle velocity in the immediate space around the patient's head. But as it was observed, the temperature difference of these areas compared to the rest of the room was approximately 2 °C at the end of the respiratory cycle, which decreased with respect to about 6 °C temperature difference at the end of the exhale phase.
